Through scanning electron microscope analysis of sediment microfabric, we have evaluated variations in high-resolution shipboard physical properties (index properties and shear strength), sediment components (smear slide determinations), and shore-based calcium carbonate and biogenic silica data from Site 751 (Kerguelen Plateau). The stratigraphic section at this site records a change in biogenic ooze composition from predominantly calcareous (nannofossil) to siliceous (diatom) ooze from -23 Ma to the present, reflecting expansion of Antarctic water masses during the late Neogene. The profound change in physical properties and sediment character at 40.1 mbsf (-5-6 Ma) evidently records the northward movement of the Polar Front and a change in absolute accumulation rates of sediment at this site.
INTRODUCTION
Most previous investigations of the Antarctic Polar Front have involved bio stratigraphic, isotopic, taxonomic, or quantitative faunal analyses. In this study, we establish a geotechnical stratigraphy for Site 751 and evaluate variations in physical properties with depth as a record of paleoenvironmental changes.
Geotechnical stratigraphy has been defined as "the study of a vertical succession of sediment characteristics such as index properties (wet-and dry-bulk density, grain density, porosity, and water content), state and behavior of consolidation, strength parameters, and other inherent physical and mechanical properties that identify a distinct aspect of a given sedimentary unit" (Taylor, 1984) . Taylor (1984) established criteria for geotechnical analyses that were based on identifying zones having similar downhole trends in properties. These zones had distinct boundaries separating them from one another, thus delineating geotechnical units and/or subunits. The boundaries for geotechnical units were identified by trend reversals, inflections of a particular trend, or by discontinuities in geotechnical properties.
We define geotechnical subunits for Site 751 using the criteria described above (see Table 1 ). The use of geotechnical subunits provides a coherent framework that can be used to interpret subtle changes in the sedimentary record at this site, 1 Wise, S. W., Jr., Schlich, R., et al., 1992. Proc. ODP, Sci. Results, 120: College Station, TX (Ocean Drilling Program) . 2 Ocean Drilling Program, Texas A&M University, College Station, TX 77845-9547, U.S. A. which are observed as variations in physical properties. We also calculate accumulation rates using dry-bulk density data and linear sedimentation rates derived from shipboard biostratigraphy and magnetostratigraphy. (Age assignments used in the text of this paper are from Harwood and Maruyama, this volume). Accumulation rate data (Appendix A) provide a basis by which we can evaluate changing fluxes of individual sedimentary components, which reflect variations in surfacewater paleoproductivity, microfossil preservation, and the accumulation of inorganic materials such as ice-rafted debris (IRD). In addition, we address changes in the sedimentary microfabric with regard to the sedimentary and environmental conditions represented at this site.
Oceanographic Setting
The Antarctic Circumpolar Current (ACC) system can be described as a zonal sequence of strong currents (expressed as multiple narrow jets) and contrasting water masses, separated by density fronts, which appear to be circumpolar in extent (Emery, 1977; Hofmann, 1985; Nowlin and Klinck, 1986) (Fig.  1) . Changes in ACC mean transport rates are related to latitudinal displacements of the frontal systems (Whitworth, 1983) , which serve as boundaries between various water masses, and extend with little attenuation to the sea floor. The geographic position of the respective fronts are known to vary from one basin to another, according to Gordon et al. (1978) and Gordon and Molinelli (1982) ; these and other review papers note that migrations of the Antarctic Polar Front (or simply "Polar Front" in this paper) should be considered in the context of the entire ACC system.
The Oceanographic fronts of importance to this paper are the Antarctic Divergence (AD), the Polar Front (PF), and the Subtropical Convergence (STC). The AD, nearest the Antarctic continent, is characterized by upwelling and the formation of cold Antarctic Surface Water, which flows north toward the PF (Gordon et al., 1978) . The PF, or Antarctic Convergence, is marked by a complex stratification between antarctic and subantarctic waters, and the down welling of surface water to form Antarctic Intermediate Water. The PF exists where the water temperature minimum dips sharply below the 200 m level, and a salinity minimum (34.0%<^34.1%o is present. Subantarctic Surface Water flows northward, away from the PF, and sinks near the STC (Gordon et al., 1978) . Variations in Subantarctic Surface Water (bounded by the STC and PF) are linked to simultaneous changes in the position and intensity of the westerly winds and sea surface temperatures (Fletcher et al., 1982) .
In this study, we have evaluated the history of Polar Front migrations at Site 751 by using geotechnical stratigraphy to reveal latitudinal shifts of pelagic sedimentary facies. Such facies shifts have been linked to Neogene movements of the PF and STC by Hayes et al. (1976) , Wise et al. (1982) , Ciesielski and Weaver (1983) , Williams et al. (1985a Williams et al. ( , 1985b , Ciesielski and Grinstead (1986) , and Morley (1989) among others. These and other studies have shown that the northern boundary of the siliceous facies is marked by a change to calcareous deposition coincident with the location of the Subtropical Convergence. The southern boundary of the siliceous facies is generally acknowledged to be coincident with the Antarctic Divergence (~60°S in the Atlantic and Indian oceans), and is marked by a change to terrigenous sediment associated with the mean position of Antarctic sea ice (Cooke and Hays, 1982) . Most terrigenous material deposited north of the AD and south of the PF, such as at Site 751, has therefore been transported primarily by wind or ice (see Breza, this volume for discussion of Neogene IRD). Furthermore, the bulk of the biogenic opal that is incorporated into the geologic record accumulates in a latitudinal belt around Antarctica between 45° and 65°S; thus making shifts in this facies highly significant for global fluxes of silica over time (Lisitzin, 1972 (Lisitzin, ,1985 DeMaster, 1979 DeMaster, ,1981 Barron and Baldauf, 1989) .
Site 751
Site 751 (Fig. 1) is located at 57°43.56'S, 79°48.89'E, in 1633.3 m of water, 900 km south of the present-day position of the Polar Front (at 50°S, the latitude of Kerguelen Island). Schlich, Wise, et al. (1989) described two sedimentary units from this site (see Fig. 2 As discussed by Schlich, Wise, et al. (1989) , the sedimentary section at this site records the late Neogene glacial history of Antarctica (and consequent expansion of Antarctic water masses) reflected as a facies change from nannofossil ooze to diatom ooze. Unit II represents the -17 m.y. (~23-~6 Ma) during which 126.1 m of predominantly calcareous ooze accumulated under the influence of earlier water masses. A disconformity (-2.5 m.y., from 8.4-5.9 Ma) exists between the units, marking the northward migration of the PF across the Site 751 location. Above the disconformity, 40.1 m of biosiliceous ooze accumulated during the ensuing 5.9 m.y. (5.9 Ma to present) under the influence of various Antarctic water masses. This change in sedimentation regime is clearly demonstrated by the percentages of diatoms and nannofossils seen in smear slides of the sediment, geochemical (wt% CaCO 3 and SiO 2 ), and physical property data (porosity, bulk density, and grain density) (Figs. 2 and 3) . However, subtle variations also appear in these data, suggesting that a record of climatic history may be present throughout the sequence. Our geotechnical stratigraphic analysis was particularly valuable for revealing these less distinct variations.
We examined nine representative samples with the scanning electron microscope (SEM) (see Table 2 ) and evaluated our observations with reference to physical properties and sedimentological data from the sediments. Our intention was to investigate how and why variations in the physical properties data corresponded to changes in sediment composition; in particular, we were interested in fluctuations in the twocomponent (silica vs. carbonate) nature of Site 751 sediments, which the Leg 120 shipboard party interpreted as representing climatic fluctuations (i.e., Polar Front migrations) (see Schlich, Wise, et al., 1989) .
A cursory review of the data (Figs. 2 and 3) indicates striking differences in physical properties correlated with sediment composition: siliceous sediments have higher porosity and water content values, and lower wet-bulk, dry-bulk, and grain density values than do calcareous sediments. Similar observations have been made by previous investigators (e.g., Schreiber, 1968; Hamilton, 1976; Shephard and Bryant, 1980; Bryant et al., 1981; Wilkens and Handyside, 1985; Wilkens et al., 1987; Pittenger et al., 1989; among others) . In addition, the apparent consolidation state (as illustrated by a plot of the S u /overburden stress ratio) and bulk accumulation rate of sediments are shown to be inversely related; with higher bulk sediment accumulation observed as apparent underconsolidation, and lower bulk accumulation resulting in overconsolidated or normally consolidated sediment sequences (Fig. 3 ). We were interested in how the orientation and interrelation of discrete particles (skeletons or skeletal elements) influences the physical properties of the sediment, which led us to investigate the microfabric of the oozes.
Previous studies of the sedimentary fabric and its effects on geotechnical properties have typically focused on nonbiogenic sediments, especially clays (e.g., see review in Bennett et al., 1977) . However, there have been few fabric studies of biogenic sediments, although biosiliceous sediments, in particular, demonstrate intriguing physical properties that are clearly related to sediment fabric characteristics. For example, the porosity and density of biosiliceous sediment may remain unchanged with depth because the porous, rigid, siliceous skeletons resist the compaction that typically occurs in other sediment types in response to overburden load (Hamilton, 1976; Shephard and Bryant, 1980; Bryant et al., 1981; Wilkens and Handyside, 1985; Wilkens et al., 1987; Pittenger et al., 1989) .
In the following sections, we (1) discuss our methods of sample selection and analysis, (2) present a geotechnical stratigraphy for Site 751, (3) present a summary of the physical properties data, microfabric, and calculated accumulation rates, (4) present an overall summary and discussion of our results as a record of the movement of the Polar Front in response to the late Neogene climate history of the Southern Ocean.
METHODS
High-resolution measurements of physical properties (index properties and shear strength), calcium carbonate, and smearslide data were obtained from shipboard analyses detailed in the "Explanatory Notes" chapter (Schlich, Wise, et al., 1989) . We performed additional carbonate analyses of the index property samples on a coulometer similar to the one aboard the JOIDES Resolution. These data increase the resolution of the shipboard carbonate profile and provide a check on the shipboard values measured in rough seas during the cruise. Biogenic silica (opal) contents were determined by D. DeMaster, University of North Carolina using the sodium carbonate leaching method described by DeMaster (1979 DeMaster ( , 1981 .
We selected nine of the physical properties samples for SEM analysis. These samples were chosen to represent sedimentary intervals that we found to have distinctive physical properties, with one or two samples taken from each interval. Note that no samples were taken from Cores 120-751 A-1H to -3H because these had extremely high water contents and it proved impossible to obtain undisturbed material. The samples we chose were trimmed and oriented so that we could identify the direction of bedding. We also studied smear slides of these samples to make direct correlations of results.
Samples for SEM analysis were oven dried and coated with Au-Pd. They were mounted on aluminum stubs perpendicular to bedding (the orientation of the stratigraphic "up" direction was lost, but this information was not critical for the purposes of our investigation). Samples were examined using the JEOL instrument at the Texas A&M Electron Microscopy Center at 10-15 kV; an energy-dispersive X-ray spectrographic analyzer was used to study carbon-coated splits of selected samples.
RESULTS

Introduction
The goal of a geotechnical stratigraphic analysis is to integrate measured physical and mechanical properties of the sediments from a particular site with geochemical data and calculated bulk accumulation rates, to provide a better understanding of the depositional history of a given sedimentary sequence. This approach has been used to describe the sedimentary sections from numerous DSDP and ODP drill sites.
Recently, attention has been focused on sedimentary sequences that contain biogenic silica in high-latitude regions such as the V0ring Plateau (Leg 104; Eldholm, Thiede, Taylor, et al., 1987 , 1989 , the Weddell Sea (Leg 113; Barker, Kennett, et al., 1988 , across the South Atlantic (Leg 114; Ciesielski, Kristoffersen, et al., 1988) , and along the length of the Kerguelen Plateau (Legs 119 and 120; Barron, Larsen, et al., 1989, and Schlich, Wise, et al., 1989, respectively) . These sequences demonstrate the anomalous nature of biosiliceous sediment properties (see Schreiber, 1968; Hamilton, 1976; Bryant et al., 1981; Wilkens et al., 1987) compared with those of clays or carbonates, where, typically, porosity decreases and density increases with increasing depth and overburden pressure.
We evaluated the physical properties data from Site 751 and identified geotechnical subunits as follows: three in lithologic Unit I and 13 in lithologic Unit II (Table 1 and Figs. 2 and  3 ). These subunits reveal contrasts in sediment composition because siliceous sediments have lower wet-bulk, dry-bulk, and grain density values and higher porosity and water content values than calcareous sediments. In the following sec- tion, we discuss the important results of our geotechnical stratigraphy.
Index Properties
The shipboard physical-properties program completed at Site 751 was designed to provide high-resolution (50-cm sample spacing) profiles of index properties to investigate the detailed behavior of biogenic oozes deposited during the Neogene in the Raggatt Basin. In addition, this site provided the opportunity to investigate changes in index properties over most of the range of natural carbonate contents from 0% to 100%. This fortuitous situation allowed the relationships between percentage of calcium carbonate and index properties to be determined for the ~165-m-thick sequence at Site 751. Plots of individual index properties vs. carbonate content show strong correlations between these measurements (5) where x = calcium carbonate percentage, WBD wet-bulk density (gravimetric), DBD = dry-bulk density (gravimetric), GD = grain density, POR porosity, and WC = water content.
According to the relationships derived in our study, depthrelated changes in index properties are controlled primarily by differences in lithology; these, in turn, are the result of changing environmental conditions on the Kerguelen Plateau. For example, the effects of compaction vary with depth as a result of changing microfossil assemblages and absolute accumulation rates: siliceous tests typically resist overburden forces more than do calcareous tests.
The poor correlation of carbonate content and grain density (relative to the other index properties) may result from the presence of ice-rafted and aeolian components, particularly in Lithologic Unit I (see Breza, this volume). However, it also may be a function of the calculation method (see Boyce, 1976) , which is imprecise for high-porosity sediment. The relationships shown for index properties and carbonate content also apply to the majority of the observed siliceous vs. calcareous microfossil assemblage and sedimentological variations with depth. The close association between sedimentological and physical properties data at Site 751 allowed us to develop a detailed geotechnical stratigraphy that reflects the dynamic process of Neogene pelagic sedimentation in the central Raggatt Basin.
State of Consolidation
The sediments at Site 751 have low shear strengths, although values are somewhat higher than would be expected given such noncohesive, high-water content oozes at shallow burial depths. Higher shear strengths could also be an artifact caused by the drainage of fluid in the cores during testing (thus causing increased vane shearing resistance). Lee (1982) considered the effect of biogenic silica on the shear strength and bulk density of deep-sea calcareous sediments. He noted that the grain size and shape of pelagic sediments are controlled by productivity and dissolution factors; furthermore, the presence of biogenic silica has such a strong effect on the bulk density that the effects from variations in other sediment constituents are completely masked.
At Site 751, zones of increased shear strength correlate with increased water content (Fig. 7) , and decreased bulk density and carbonate contents (Fig. 8 ). These trends are anomalous since shear strength normally increases with decreased water content and increased density in marine sediments (Bryant et al., 1981) . Changes in the bulk accumulation rate of sediments are often inversely related to shear strength variations. The decreased accumulation of calcareous microfossils (possibly indicating dissolution of tests), and increased accumulation of siliceous microfossils, in zones of increased shear strength may point to a diagenetic cause for this trend. These zones of increased shear strength may also indicate the relative positions of sedimentary hiatuses.
Compaction effects are variable downhole because of the changing composition of microfossils and the typical resistance of siliceous tests to overburden forces that act upon them. A plot of void ratio to overburden stress shows the substantial decrease in the range of consolidation for the calcareous ooze below 40.1 mbsf, as indicated by the large reduction in void ratio above -25 kPa (Fig. 9) . A field consolidation curve of shear strength/effective overburden stress was calculated according to the relationship presented by Skempton (1970) for the sediment at Site 751 to evaluate their apparent state of consolidation (Fig. 10) . Values of the ratio S u /overburden stress between 0.2 and 0.5 are interpreted to represent normally consolidated sediment; values <0.2 indicate underconsolidation and values >0.5 are considered to indicate overconsolidation.
The upper portion of this curve shows the sediment to be highly overconsolidated except in narrow zones that correlate to increases in water content and decreased carbonate content. This state of apparent overconsolidation is common in surficial marine sediments, but generally does not extend very far into the subsurface. The high values of the ratio of shear strength/ overburden stress observed in the upper 40 m at Site 751 may be the result of interlocking skeletal elements of elongate siliceous microfossils (i.e., diatoms). The framework developed by the siliceous skeletons, combined with the low bulk density of these highly porous deposits, reduces effective overburden pressures and thus increases the strength/stress ratio.
The shift to underconsolidated sediment at -52 mbsf is linked to decreased porosity, increased carbonate content (i.e., presence of nannofossils), and increased bulk sediment accumulation in Subunit G-IIb with respect to Subunit G-IIa. The fine-grained calcareous matrix causes tight grain packing, which restricts fluid flow in this subunit. Reversals in the relative underconsolidation of lithologic Unit II are observed for Subunits G-IIc, G-IIf, G-IIh, and G-IIj, indicating more normal consolidation behavior correlated with increased biogenic silica content and decreased bulk accumulation rates. The higher permeability of siliceous ooze relative to carbonate ooze is likely to be the cause of this apparent increase in consolidation state. The shear-strength measurement interval became more widely spaced below 52 mbsf, however, we can identify two general trends: (1) increased underconsolidation with depth, and (2) narrow zones of increased relative consolidation within highly biosiliceous intervals (having >-40% diatoms).
Water Content, Porosity, and Permeability
Biogenically precipitated silica (SiO 2 n H 2 O) is not homogenous in nature. Density variations in opaline tests are related to water content, specific surface area, and age (Hurd and Theyer, 1977; Hurd et al., 1979) . Wefer et al. (1982) estimate the bound water in diatomaceous opal from sediment traps in the Weddell Sea to be between 6 and 9 wt%. DeMaster (1979) suggests that for Antarctic siliceous sediments containing -55 wt% biogenic silica, 10%-15% of the remaining weight is attributable to bound water. This water must be taken into consideration when analyzing the physical properties of siliceous sediments. Previous workers have evaluated the effects of inter-and intraparticle water on the physical properties of calcareous sediments. For example, Bachman (1984) found intraparticle water to be associated with foraminifers, but it appears to have no effect on geotechnical properties unless the particles are fractured during burial-induced loading (Demars, 1982) . Valent et al. (1982) proposed that the predominant compression mechanism in calcareous oozes is high, nonrecoverable deformation of the microfossil skeletons without physical breakage, as grain crushing was not observed in the natural specimens tested. However, Demars (1982) observed that foraminifer particles are susceptible to fracture when subjected to only moderate compressional stress, thereby releasing intraparticle water. Nannofossils are more likely to exhibit chipping rather than fracture at particle contacts, since larger particles transmit dynamic stresses and shield the fine-grained matrix (e.g., particles >5 mm in diameter tend to fracture when absorbing contact forces) (Demars, 1982; Bennett et al., 1989) . Nannofossils do, however, show changes in pore size and shape in response to mechanical compaction caused by overburden stress (e.g., dewatering and rearrangement of grains), thus creating denser packing arrangements (Bryant et al., 1981; Kim et al., 1985) . Bennett et al. (1989) discuss how packing arrangement can control permeability in calcareous oozes as the matrix of nannofossil crystallites creates small pores and restricted dewatering pathways. They measured permeability coefficients of I0" 5 to I0" 6 cm/s (porosity = 54%-67%) in calcareous sediments (composed of -10% foraminifers in a matrix of nannofossils) from Exuma Sound. Bryant and Rack (1990) present permeability coefficients for samples from Maud Rise (Sites 689 and 690, Leg 113) that are from I0" 4 to I0" 5 cm/s, for shallow-buried samples of diatom ooze, and from I0" 5 to I0" 7 cm/s, for underlying nannofossil oozes. The high permeability of diatom ooze at low overburden pressures allows rapid drainage of fluid and, hence, results in the high degree of apparent overconsolidation observed in field consolidation curves. The data acquired from consolidation tests, using samples from Maud Rise, show the importance of intraskeletal porosity in shallow-buried diatom oozes. Diatomaceous sediments subjected to vertical stresses (up to 3200 kPa) exhibit a higher level of void reduction during testing than the calcareous samples, yet do not consolidate to as low a final void ratio (Bryant and Rack, 1990) . The results obtained during consolidation testing of siliceous and calcareous oozes from Kerguelen Plateau are consistent with the findings from Maud Rise (Rack et al., unpubl. data). Pittenger et al. (1989) demonstrate that for a given change in permeability, a greater degree of consolidation (decrease in void ratio) is observed for sediments with high biogenic silica contents than for other sediment types. The high percentage of intraskeletal and bound water in opaline tests may also help explain the resistance to compaction generally observed in diatomaceous deposits. If dissolution and/or breakage of tests releases intraskeletal and/or bound water (which can replace the water expelled by consolidation), then the effective vertical stress felt by the sediment will be reduced. This concept is important in explaining the underconsolidated state of sediments from the V0ring Plateau, although other factors (e.g., overlying low permeability clay-rich sediment) are also important (Pittenger et al., 1989) . Our interest in how the orientation of discrete particles (skeletons or skeletal elements) influence the physical properties of the sediment led us to investigate the microfabric of these cores.
Microfabric Analysis
We examined nine samples utilizing the SEM, noting for each such features as (1) nature, condition, and orientation of the component particles; (2) relationship of matrix to larger grains; (3) degree of fragmentation, disarticulation, or disassociation of biogenic elements; (4) distribution of intra-and interparticle pore spaces; and (5) any other significant feature of the sedimentary fabric (detailed fabric descriptions for each SEM sample are presented in Appendix B; physical property data and component abundances are listed in Table 2 ). We thoroughly scanned each sample, noting fabric characteristics, and photographed representative features (e.g., diatom valves showing preferred orientation or articulation of valves and girdle bands); these are illustrated in Plates 1-5.
Biosiliceous sediments demonstrate intriguing physical properties clearly related to sedimentary microfabric. SEM analyses showed that some samples are predominantly composed of elongate, essentially intact pennate diatoms, whereas other samples are composed largely of centric diatom valves, and pennate diatoms are mostly represented by fragments. The matrix material in Unit I is primarily composed of fragmented diatoms; large skeletal fragments in these samples are scattered in the matrix, and are not generally in contact (even where clustered, as with the radiolarians). The almost complete absence of nannofossils and nannofossil fragments in this zone indicates the influence of carbonate-corrosive Antarctic waters.
We make the following summary observations of the microfabric with regard to the physical properties and sedimentological data from the samples (see Appendix B):
1. Porosity is positively correlated with diatom content and with SiO 2 content; all the density measurements (wet-bulk, dry-bulk and grain density) are negatively correlated with porosity; elongate pennate diatoms create the most open, least dense fabric (e.g., Plates 1 and 2), as observed above 40.1 mbsf; below this level, centric diatoms create a less open, denser sediment (e.g., Plate 4), as reflected by lower porosity values and higher density values relative to the upper sequence.
2. Porosity is reduced in highly diatomaceous sediments in which the pore spaces of the individual tests are filled with matrix material or overgrown with authigenic minerals, such as those immediately above the major hiatus at 40.1 mbsf (Plate 3, Figs. 1-3) . The apparent inorganic silica (Opal-A'?) composition of this material appears to be responsible for the lack of difference in density values between samples of similar composition, with or without overgrowths.
3. Throughout the section, radiolarians are commonly filled with finer grained material than present in the surrounding matrix (e.g., Plate 1, Fig. 2 ) and may have shielded the fine material from winnowing. The loss of this potential pore space may reduce the overall porosity of the sediment (and weaken the correlation between silica content and porosity where radiolarians are a large component of the sediment).
4. Arthur et al. (1980) noted that bioturbation in diatomaceous sediments of the Japan Trench created a disordered fabric that caused the sediments to resist compaction and remain underconsolidated to -300 mbsf. In our samples, we typically found an overall disordered fabric, probably the result of bioturbation, but even in clearly bioturbated sediments (as noted in core descriptions) we saw some (relict?) evidence of preferred orientation (e.g., the alignment of long axes of diatom valves; Plate 1, Figs. 1-4). Bohrmann and Stein (1989) interpreted orientation of diatom valves to be the result of deposition directly from highly productive surface waters; they apparently did not consider bioturbation as a possible factor for creating a disordered fabric.
5. Porosity is negatively correlated with nannofossil content and CaCO 3 content in these sediments. Nannofossils pack very closely and disassociate into crystallites, which close off even more pore space (e.g., Plates 4 and 5); nannofossils contribute most of the CaCO 3 in these sediments.
-
Accumulation Rates and Hiatuses
Regions of high productivity, associated with upwelling, produce large fluxes of phytoplankton (diatoms and coccolithophorids) and zooplanicton (foraminifers and radiolarians). Productivity variations, linked to climatic and Oceanographic factors, and dissolution or erosional effects are largely responsible for causing changes in microfossil assemblages.
Carbonate productivity fluctuations are difficult to identify in the geologic record. Dean and Gardner (1986) note that large fluctuations in carbonate content (>30%-40%) are not easily explained by productivity alone; but rather, must include some degree of dissolution or erosion because of the magnitude of the observed change. The goal of identifying productivity fluctuations is further complicated by the changing importance of individual processes, such as dissolution, erosion, dilution by other sedimentary components, and changing degree of preservation, in creating the observed sequence.
Dissolution events are most evident in regions exhibiting high diversity gradients, such as the Polar Front and Subtropical Convergence. Dissolution can be evaluated using such parameters as increased numbers of benthic foraminifers, increased fragmentation of tests, and changes in radiolarian abundance, contrasted with fluctuations in calcium carbonate percentage (Williams et al., 1985a (Williams et al., , 1985b .
Accumulation Rates
Absolute accumulation rates (flux rates) can be determined for any component of the sediment by multiplying the drybulk density and linear sedimentation rate and the weight percent of the component in the sediment. Clemens et al. (1987) presented equations for estimating dry-bulk density from carbonate content that give similar results to the equations presented in this paper (their data came from five Eltanin piston cores in the southeast Indian Ocean north of Kerguelen Island). They cautioned that productivity differences between water masses may bias interpretations of paleowater mass movement from relative microfossil abundance data, and consequently they recommended using absolute accumulation rates derived from dry-bulk density values to eliminate ratedependent effects.
We calculated absolute accumulation rates by multiplying the percentage of each sedimentary constituent by the drybulk density (shipboard measurement) and the linear sedimentation rate derived from shipboard age assignments (note that our results are contingent on future revision of biostratigraphic determinations). We determined calcium carbonate accumulation rates using shore-based laboratory data of car- bonate content (Fig. 11 A) , and noncarbonate accumulation rates by assuming a two-component system (i.e., 100%-wt% CaCO 3 = wt% SiO 2 ) (Fig. HB) . Although this assumption includes ice-rafted and aeolian components of the total flux, generally <10% of Site 751 sediments, it does give a good first-order approximation of changing siliceous accumulation. This approximate siliceous accumulation is compared with rates determined using data from chemical analyses of wt% SiO 2 provided by D. DeMaster (North Carolina State University). The chemical data shows lower wt% SiO 2 than would be expected; however, if we include the wt% water associated with biogenic opal (β%-\5%, or a mean value of 10%), we can account for most of the difference between the calculated and analyzed values. Ice-rafted debris (IRD) accumulation rates were determined by Breza (this volume) on a grain/cm 2 /k.y. basis. We use IRD flux data from Breza's study (using samples located adjacent to our physical properties samples), to compare the calculated carbonate and noncarbonate accumulation rates derived from our study with IRD peaks ( The interval between 95 and 115 mbsf shows extreme variability in carbonate accumulation rates, indicating large variations in productivity and/or erosion. Carbonate accumulation drops dramatically at -109 mbsf and slightly above 115 mbsf. The decrease at -109 mbsf is marked by a 5% porosity increase and sharply reduced density values. The decrease at -115 mbsf is clearly shown by increased shear strength values, indicating enhanced silica preservation combined with erosion and/or dissolution from corrosive water masses flowing over the site.
Hiatuses
Four hiatuses in the sedimentary record were recognized on the basis of shipboard biostratigraphy: (1) 1.9-2.2 Ma, 6.3 mbsf; (2) 4.7-5.3 Ma, -40.1 mbsf; (3) 6.2-9.5 Ma, 54.5 mbsf; and (4) 12.1-14.8 Ma, 109.5 mbsf. The updated diatom biostratigraphy of Harwood and Maruyama (this volume) has been incorporated into this study to provide improved age control, and additional hiatuses have been recognized (see Table 3 ). We have evaluated the geotechnical stratigraphy at Site 751 to determine the effect of each hiatus on physical properties changes (e.g., was the hiatus erosional or nondepositional). Of the hiatuses identified during the cruise, the lower two appear to be erosional, with increased bulk density and decreased porosity directly leading up to the unconformity, with reversed trends above. These observations may also reflect increased productivity or preservation of siliceous microfossils during episodes of increased carbonate dissolution. The upper two events are linked to sharp lithologic discontinuities, which makes them difficult to identify conclusively as nondepositional or erosional. However, the discontinuity at 40.1 mbsf, associated with a 2.5-m.y. hiatus (8.4-5.9 Ma) is most likely an erosional event, marking the passage of the Polar Front across the Site 751 location and intensification of the ACC system.
Highlights of Geotechnical Stratigraphic Analysis
The following are the most significant findings of our geotechnical stratigraphic analysis:
1. Subunit G-IIi (Figs. 13 and 14) is identified by a narrow zone of fairly constant, high bulk-density, low porosity, and high carbonate values, associated with low shear strengths. Subunit G-IIj (-125-128 mbsf) is associated with a gradual 10% porosity decrease, an increase in bulk density, and low average carbonate content. The base of Subunit G-IIj (-128 mbsf) is marked by a sharp decline in carbonate content, reversals in density trends, and a porosity peak. Harwood and Maruyama (this volume) suggest a hiatus near 128-131 mbsf (see Table 3 ). This event may be represented by small reversals in index properties and a large change in carbonate content at -131 mbsf. Below Subunit G-IIj, there are reduced amplitude changes (5%-7%) in porosity and wet-and dry-bulk density for the remainder of the section.
2. Subunit G-IIh (Table 2 and Figs. 13 and 14) is particularly interesting since it exhibits large changes in carbonate contents and index properties over a -10-m interval of Hole 751 A. The significant changes in porosity, bulk density, and grain density within narrow zones are superimposed on an overall, gradual decrease in carbonate content from the base of this unit to the middle of Subunit G-IIf. The high amplitude fluctuations of carbonate content allow us to compare the effects of nondeposition, dilution of the carbonate flux by silica, or erosion during the early to middle Miocene. Each sharp carbonate decrease is marked by a sharp increase in porosity, generally reflecting increased accumulation of biogenic silica within that interval. 3. The top of Subunit G-IIh (-109.9 mbsf; Figs. 13 and 14) is marked by a sharp decrease in carbonate; porosity shows a 10% increase, and bulk density decreases sharply at the boundary (before gradually increasing within Subunit G-IIg). Grain density values decrease from 2.76 to 2.35 g/cm 3 across this boundary. A hiatus from -13.3 to 14.1 Ma and an increase in shear strength are also associated with these changes.
4. Subunits G-IIg, G-IIf, and G-IIe are separated from each other by sharp trend reversals and inflections in index properties and carbonate content over the interval from -109 to 90.0 mbsf (Figs. 13 and 14) . These shifts are also seen in changes of sediment bulk accumulation rates.
5. Subunit G-Hd and G-IIb exhibit similar physical properties and carbonate contents (Fig. 15) . The boundary between Subunits G-IIb and G-IIa is marked by a drastic change in bulk sediment accumulation rate, a 20% decrease in carbonate content and inflections in index property trends. Subunit G-IIb is underconsolidated relative to Subunit G-IIa; probably as a result of the increased accumulation of low permeability nannofossil ooze and the existence of a possible erosional hiatus (at -8.8 Ma) across this boundary. Wei and Wise (this volume) present relative abundance data for Reticulofenestra perplexa, which represents the cold water end-member of Miocene calcareous nannofossil assemblages. Positive shifts in the relative abundance of this species indicates decreasing water temperatures, whereas decreasing relative abundance generally suggests warmer temperatures (see Wei and Wise, this volume). The relative abundance variations of R. perplexa help to illustrate the differences between Subunits G-IIf and G-IIa by graphically illustrating changes in calcareous microfossil assemblages from -40 to 100 mbsf (Fig. 15) . Subunits G-IIe and G-IId, and Subunit G-IIb represent periods of high R. perplexa abundance; and therefore decreased water temperatures. The decline in relative abundance of R. perplexa in Subunit G-IIc is accompanied by generally increased noncarbonate (e.g., siliceous) accumulation from -80 to -60 mbsf (Fig. 16) , and decreased carbonate accumulation. Colder water temperatures could be responsible for decreased abundances of R. perplexa in parts of this interval because of the environmental stress placed on the species by frigid Antarctic surface waters (Wise, personal communication) . Subunit G-IIa is marked by decreased abundances of R. perplexa and decreased accumulation rates before the change to lithologic Unit I.
We interpret the variations in physical properties observed at Site 751 to be the result of: (1) fluctuations in surface-water productivity that variably favored production of siliceous or calcareous microplankton, and (2) boundary). This is earlier than the general increase in Southern Ocean biogenic silica deposition at ~5 Ma correlated with a 300 km northward expansion of the Polar Front (Brewster, 1980) . The early and middle Miocene sequence at Site 751 is characterized by high, relatively constant, carbonate accumulation with variable preservation in specific zones. The large changes in percent calcium carbonate and the presence of two significant hiatuses within this interval (at -109 mbsf and -131 mbsp argues for erosion by Circumpolar Deep Water or corrosive intermediate waters in response to the strengthening of circumpolar circulation patterns. It is difficult to rule out carbonate productivity changes as being responsible for large changes in carbonate content, but we feel that other mechanisms (e.g., erosion and dissolution) are more likely a result of the magnitude and apparent rapidity of many of the shifts. The presence of subtropical faunas, and the high percentage of carbonate observed in early to middle Miocene samples, indicates that the Polar Front was not established until the late Miocene over the Kerguelen Plateau (as a high gradient oceanic barrier). The accumulation of siliceous microfossils was nearly constant throughout this period, although some 100 -
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1 10 100 Accumulation rates vs. abundance of R. perplexa temporally restricted increases in siliceous accumulation are noted in association with carbonate reductions. Microfabric investigations were used to aid in the interpretation of dissolution events when possible.
The major change in facies from dominantly nannofossil ooze to dominantly siliceous ooze at Site 751 at 40.1 mbsf is interpreted to represent the establishment of a high-gradient polar front north of this site in the latest Miocene. The decreased rates of carbonate accumulation and increased siliceous accumulation across this boundary reflect the cooling of the surface waters and strengthening of zonal circulation patterns over the plateau. A further decrease in bulk accumulation in the late Pliocene corresponds with a second northward movement of the Polar Front toward Kerguelen Island.
Fluctuations in physical properties of a high-latitude pelagic sedimentary sequence primarily records shifts in the dominance of siliceous and calcareous microfossil assemblages with depth. These dominance shifts correspond in turn to Oceanographic and climatic changes controlled by both regional and global forcing mechanisms. The northward movement of the Antarctic Polar Front and its associated water masses, in response to deteriorating climatic conditions across the Kerguelen Plateau during the late Miocene and early Pliocene, is illustrated on the seafloor by a decreased diversity of microfossil assemblages and an increased dominance of siliceous sedimentation.
The evolution and subsequent history of zonal sedimentation patterns on the ocean floor of the southern Indian Ocean is assumed to reflect (1) the strengthening/weakening of the Antarctic Circumpolar Current system; (2) the expansion or contraction of the geographic area influenced by Antarctic/ Subantarctic surface waters and their associated faunas; (3) the changing production of intermediate and deep waters over time; and (4) shifts in the distribution and volume of ice on Antarctica. Site 751 in the Raggatt Basin preserves the record of these changes during the Neogene. 20 20 20 ( 20 ( 20 ( 20 20 ( 20 20 20 20 ( 20 ( 20 ( 20 20 ( 20 ( 20 ( 20 ( 20 ( 3.82 20 ( 20 ( 20 ( 20 ( 20 ( 20 ( 20 20 20 20 20 3.98 3.94 -4, 70 11H-4, 115 11H-4, 135 11H-5, 30 11H-5, 70 11H-5, 115 11H-6, 30 11H-6, 70 11H-6, 115 11H-7, 30 12H-l,30 12H-1, 70 12H-1, 115 12H-2, 30 12H-2, 70 12H-2, 115 12H-3, 30 12H-3, 70 12H-3, 115 12H-4, 30 12H-4, 70 12H-4, 115 12H-5,30 12H-5, 70 12H-5, 115 12H-6, 30 12H-6, 70 12H-6, 115 12H-7, 30 13H-1.70 13H-1, 115 13H-2, 30 13H-2, 70 13H-2, 115 13H-3, 30 13H-3, 70 13H-3, 115 13H-4, 30 13H-4, 70 13H-4, 115 13H-5, 30 13H-5, 70 13H-6, 30 14H-1, 130 14H-2, 30 14H-2, 70 14H-2, 115 14H-3, 30 14H-3, 70 14H-3, 130 14H-4, 30 14H-4, 70 14H-4, 115 14H-5, 30 14H-5, 70 14H-5, 130 14H-6, 30 14H-6, 70 14H-7, 30 14H-7, 70 15H-l,30 15H-l,70 15H-1, 115 15H-2, 30 15H-2, 87 15H-2, 115 15H-3, 30 15H-3, 70 15H-3, 115 15H-4, 30 15H-4, 70 15H-4, 115 15H-4, 30 15H-5, 70 15H-5, 115 The SEM revealed this sample to be similar to the underlying sample, different only in that siliceous microfossils are slightly more abundant and extremely corroded; and the nannofossils are somewhat corroded and disassociated into crystallites. Only a very few diatom fragments are present in the matrix of predominantly nannofossils and nannofossil fragments. Radiolarians, where present, are completely filled with matrix material, and the pores of radiolarian and diatom tests are filled as well. Few large skeletons or skeletal fragments are present in this sample.
3. Samples 120-751A-8H-5, 70-72 cm (68.4 mbsf), and -8H-5, 30-32 cm (68.0 mbsf) Age: late Miocene (9-10 Ma) Microfabric: The SEM showed these samples to be similar, characterized by concentrations of robust centric diatom valves, heavily silicified diatom girdle bands, and the heavily silicified central part of the valve. Some elongate pennate diatoms are present. The larger skeletal elements are in contact with one another, and in general there appears to be comparatively little matrix material. Where present, the matrix consists of diatom and nannofossil fragments; few intact nannofossils are present. Both silica and calcite appear to be corroded. Overgrowths are present on some siliceous skeletons, and pores on some of the siliceous skeletons are filled, although pore space is generally open on the robust diatom valves. Some diatom valves and girdle bands appear to be articulated, and some girdle bands appear to be nested. The centric diatom valves show an indication of preferred orientation, and many appear to be lying flat when viewed from above. Some of the centric valves have become broken into smaller fragments, possibly as a result of dissolution.
4. Samples 120-751A-6H-3, 70-72 cm (46.4 mbsf) and -6H-1, 70-72 cm (43.4 mbsf) Age: late Miocene (5-6 Ma) Microfabric: SEM analysis showed the siliceous material in these samples to be highly corroded; few pennate diatoms are present, although the heavily silicified elements of pennate tests are apparently concentrated. Some articulated robust centric diatoms and girdle bands are present. Pore spaces generally are filled with matrix material, which consists of nannofossils (intact and disassociated crystallites) and centric and pennate diatom fragments.
5. Sample 120-751A-5H-5, 70-72 cm (39.9 mbsf) Age: early Pliocene (to late Miocene?) (4.5-6 Ma) Microfabric: The SEM revealed that this sample was different from all the others in that the siliceous skeletal remains were pervasively coated; EDAX analysis indicated that the coating material is entirely siliceous (? opal-A') Few elongate pennate diatoms are present; large valves are scattered in the matrix of siliceous fragments. Pores on siliceous skeletons are generally filled by the matrix and/or coating material. 6. Samples 120-751A-4H-6, 30-32 cm (31.5 mbsf) and -4H-4, 67-69 cm (28.9 mbsf) Age: early Pliocene (4-5 Ma) Microfabric: The SEM showed these samples to be composed predominantly of elongate, essentially intact pennate diatoms; although there is evidence of slight dissolution, the surfaces of these tests are comparatively pristine. In places the preferred orientation of the long axes of these tests is apparent. There are isolated instances of actual laminae of clustered, oriented elongate pennate diatom valves. The matrix is composed of fragments of diatoms; some centric valves appear to be disassociating into smaller fragments in place. Radiolarians appear to be clustered in the diatom debris; nassellarian radiolarian tests, open at one end, are generally filled with matrix material finer grained than that surrounding the test. Large skeletal fragments are scattered in the matrix and are not generally in contact (even where clustered, as with the radiolarians). Some centric diatoms have two valves and the girdle band articulated. Where present, foraminifers are corroded. The lower of these two samples is distinguished from the upper by some surface corrosion of siliceous material, some breakage of delicate skeletal elements (e.g., spines), more abundant silicoflagellates, and shorter pennate valves (although some elongate valves are present). (1) Siliceous ooze composed of centric diatom valves and pennate diatom fragments; note authigenic overgrowths and closure of pore spaces.
(2) Centric diatom valve (c) surrounded by matrix of siliceous fragments; note that some pores are filled with siliceous debris. (3) Detail of centric diatom in Figure 2 showing authigenic overgrowths; note that some pore ornamentation is unobscured. 4-6. Sample 120-751A-6H-1, 70-72 cm, mixed siliceous-calcareous ooze, comparatively more calcareous (Unit II). (4) Centric diatom valve (center) with girdle band in growth position (although broken) surrounded by a matrix of nannofossils and nannofossil crystallites and pennate diatom fragments; note that pores of diatom are largely blocked by matrix elements. (5) Detail of matrix; note that siliceous elements are typically corroded. (6) Further detail of matrix in Figure 5 . 
